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Abstract: The nonnative hemlock woolly adelgid is steadily killing eastern hemlock trees in many
parts of eastern North America. We summarize impacts of the adelgid on these forest foundation
species; review previous models and analyses of adelgid spread dynamics; and examine how
previous forecasts of adelgid spread and ecosystem dynamics compare with current conditions.
The adelgid has reset successional sequences, homogenized biological diversity at landscape scales,
altered hydrological dynamics, and changed forest stands from carbon sinks into carbon sources.
A new model better predicts spread of the adelgid in the south and west of the range of hemlock,
but still under-predicts its spread in the north and east. Whether these underpredictions result from
inadequately modeling accelerating climate change or accounting for people inadvertently moving
the adelgid into new locales needs further study. Ecosystem models of adelgid-driven hemlock
dynamics have consistently forecast that forest carbon stocks will be little affected by the shift from
hemlock to early-successional mixed hardwood stands, but these forecasts have assumed that the
intermediate stages will remain carbon sinks. New forecasting models of adelgid-driven hemlock
decline should account for observed abrupt changes in carbon flux and ongoing and accelerating
human-driven land-use and climatic changes.
Keywords: carbon flux; carbon stocks; dispersal; ecological forecasting; ecosystem dynamics; forest;
invasive species; mortality; spread
1. Introduction
Eastern hemlock (Tsuga canadensis (L.) Carr.; Pinales: Pinaceae) is a long-lived foundation species
(sensu [1,2]) that creates important structural diversity and habitat for a wide variety of vertebrate
and arthropod species [3–12] and modulates core ecosystem processes such as energy and nutrient
flows and water balance [11,13–23]. For nearly 10 millennia, T. canadensis has been a significant
component of eastern North American forests [24]. For substantial intervals during this period, eastern
hemlock pollen accounted for >60% of the grains in sediment cores, and in southern New England
its abundance relative to other taxa likely exceeded 50% [25]. A regionally warmer and drier climate,
perhaps interacting with the geographically coincident outbreak of a native insect (the hemlock looper
Lambdina fiscellaria Guenée; Lepidoptera: Geometridae), led to an abrupt, range-wide decline of
eastern hemlock ca. 5500 ka (thousands of calibrated radiocarbon years before 1950 C.E.); [26–29].
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It took at least 1000 years for eastern hemlock to return to its pre-decline abundance in eastern North
American forests.
Tsuga canadensis grows throughout eastern North America, from northern Georgia (USA) to
southern Canada, and then west into Michigan and Wisconsin (Figure 1). Its total range exceeds
10,000 km2, and in many parts of its range, T. canadensis can account for the majority of individuals
and total basal area in a given stand [30,31]. The U.S. National Vegetation Classification includes
T. canadensis either as the dominant component or a significant, common component of more forest
associations (14) than any other tree species [32]. In many parts of its range in eastern North America,
the abundance of T. canadensis is declining because of a small, nonnative insect, the hemlock woolly
adelgid (Adelges tsugae Annand; Hemiptera: Adelgidae). Here, we summarize impacts of the adelgid
on eastern hemlock; review previous models and analyses of adelgid spread dynamics that estimated
the spread of the adelgid and its impact on eastern hemlock forest ecosystems; and examine how
those forecasts compare with current conditions. We use lessons learned from these studies to develop
forecasts of future dynamics of the hemlock-hemlock woolly adelgid system.
Insects 2018, 9, x FOR PEER REVIEW  2 of 18 
 
[26–29]. It took at least 1000 years for eastern hemlock to return to its pre-decline abundance in eastern 
North American forests. 
suga canadensis gro s thro gho t eastern orth erica, fro  northern eorgia ( S ) to 
so t er  a a a, a  t e  est i to ic iga  a  isco si  (Fig re 1). Its total ra ge excee s 
10,000 k 2, a  i  a y arts of its ra ge, . canadensis ca  acco t for t e ajority of i i i als 
a  total basal area in a given stand [30,31]. The U.S. National Vegetation Classification i cludes T. 
canadensis either as the dominant component or a significant, common co ponent of ore forest 
associatio s (14) t a  a  ot er tree s ecies [32]. I  a  arts of its ra e i  easter  ort  erica, 
t e a a ce of . ca ade sis is ecli i  eca se of a s all, o ati e i sect, t e e loc  ooll  
a el i  ( delges ts gae a ; e i tera: el i ae). ere, e s arize i acts f t e a el i  
 easter  e l c ; re ie  re i s els a  a al ses f a el i  s rea  a ics t at esti ate  
t e s rea  f t e a el i  a  its i act  easter  e l c  f rest ec s ste s; a  exa i e  
t se forecasts compare with current conditions. We use lessons learned from these studies to 
develop f recasts of future dynamics of the he loc -hemlock woolly adelgid system. 
 
Figure 1. Range and abundance (as basal area in m2/ha) of eastern hemlock (Tsuga canadensis) in 
eastern North America (data from [33]). The extent as of 2017 of the nonnative hemlock woolly adelgid 
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2. The Hemlock—Hemlock Woolly Adelgid System
2.1. The Hemlock Woolly Adelgid
Adelges tsugae (henceforth, the “adelgid”) is a small (≈1.5 mm) insect that was first detected in the
early 1950s in eastern North America near Richmond, Virginia; the detected lineage originated in Japan
in [34,35]. In the subsequent six decades, the adelgid has established populations in 19 states—from
Georgia to southern Maine and west into Michigan (Figure 1)—and in southwestern Nova Scotia
(Canada) [36], where it threatens both eastern hemlock and the narrowly endemic Carolina hemlock
(T. caroliniana Engelm.) (henceforth, “hemlock” refers to either or both species). The adelgid has two
generations per year [37], and it has expanded its range rapidly since the 1980s [38]. Feeding by both
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generations of the adelgid on new needles leads to progressive needle loss, often first observed in
the lower and central portions of tree crowns, then on interior branches and exterior branch tips, and
finally at the top of the crowns [39]. It has caused extensive decline and mortality of eastern hemlock in
many parts of the USA, including the southern Appalachian Mountains, portions of the mid-Atlantic
region, and southern New England. Because adelgid resistance is rare in hemlock (but see [40,41]),
the continued spread of the adelgid threatens to cause the range-wide decline or elimination of this
ecologically, culturally, and economically important tree species [42,43].
2.2. Effects of the Adelgid on Vegetation Structure and Composition
The adelgid can feed on and kill all sizes and ages classes of eastern hemlock, from the smallest
seedling to the largest old-growth tree. Because eastern hemlock trees lack the ability to sprout or
recover from chronic needle loss, once the adelgid establishes in a forest stand, chronic tree morbidity
and mortality may last for 1–2 decades before it is functionally or completely eliminated [44–47].
Observations from permanent plots at over 200 locations in central Connecticut and Massachusetts
revisited multiple times over the last 20 years have documented the structural and compositional
changes that occur in hemlock forests infested with the adelgid [39,48]. The trajectory of canopy
thinning and subsequent hemlock mortality has varied by location, but levels of mortality have ranged
from 0 to 99% throughout the region.
A complete change in forest cover occurs rapidly following the loss of eastern hemlock throughout
New England. Cool and dark conifer-dominated stands with abundant hemlock regeneration shift
within a decade to deciduous stands of mixed hardwoods dominated by black birch (Betula lenta L;
Fagales: Betulaceae), red maple (Acer rubrum L.; Sapindales: Sapindaceae), and various oak (Quercus;
Fagales: Fagaceae) species, along with occasional white pine (Pinus strobus L.; Pinales: Pinaceae);
new hemlock regeneration is observed only rarely [44,49,50]. Canopy gaps resulting from hemlock
mortality also may be colonized by nonnative species such as tree-of-heaven (Ailanthus altissima (Mill.)
Swingle; Sapindales: Simaroubaceae), oriental bittersweet (Celastrus orbiculatus Thunb.; Celastrales:
Celastraceae), Japanese stilt grass (Microstegium vimineum (Trin.) A. Camus; Poales: Poaceae), and
Japanese barberry (Berberris thunbergii DC.; Ranunculales: Berberidaceae) [44,49,51]. Bryophytes, often
strongly associated with hemlock understory environments, have experienced both increases due to
additions of downed wood [52] and strong indirect negative effects of the adelgid through diminished
commensal interactions with hemlock and increased amensalistic effects from the deciduous tree
species that commonly replace it [53].
Pre-emptive salvage logging, a human response to (and hence “indirect impact” of) the
adelgid [54], sometimes leads to even larger effects on vegetation. Post-harvesting sites are dominated
by Betula lenta and Acer rubrum, but other more shade-intolerant species, including raspberry (Rubus
spp.), sedges (Carex spp.) and pilewort (Erechtites hieracifolia (L.) Raf. ex DC; Asterales: Asteraceae),
can precede establishment of woody species [55–58].
2.3. Effects of the Adelgid and Hemlock Decline on Associated Fauna
The deep crowns and understory conditions below hemlock provide important habitat for a
variety of animal species, including more than 120 vertebrate species and at least 300 species of insects
and other arthropods [3–12]. Many different bird species, notably warblers (Passeriformes: Parulidae),
spend at least part of their life cycle in hemlock forests, often feeding on insects and mites dispersed
throughout the dense tree crowns. Species that have exhibited significant declines in mid-Atlantic and
New England forests where eastern hemlock is declining or has been lost include the Black-throated
green warbler (Dendroica virens (Gmelin)), Blackburnian warbler (Setophaga fusca (Müller)), and
Canadian warbler (Cardellina canadensis (L.)), along with the Acadian flycatcher (Empidonax virescens
(Vieillot); Passeriformes: Tyrannidae) and the Hermit thrush (Catharus guttatus (Pallas); Passeriformes:
Turdidae) [3,59–61]. Another animal strongly associated with hemlock and predicted to be negatively
impacted by the loss of hemlock is the white-tailed deer (Odocoileus virginianus (Zimmermann);
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Artiodactyla: Cervidae), which congregates under these evergreens in winter for food and cover [62].
In contrast, moose and deer browse were significantly higher on stems of the abundant tree saplings
that are released from competitive suppression by hemlock canopies, or sprout from stumps of
hardwoods cut following harvest of hemlock-dominated stands or simulated adelgid decline [63].
Continual herbivory by these ungulates may alter the future trajectory of the succeeding forests’
overstories [64]. There have been fewer studies of small mammal populations in eastern hemlock
stands, but Degrassi [65] suggested that decline of eastern hemlock caused by the adelgid is unlikely to
affect dramatically small mammal populations. Red-backed salamanders (Plethodon cenereus (Green);
Caudata: Plethodontidae) and red-spotted newts (Notophthalmus viridescens (Rafinesque); Urodela:
Salamandridae) thrive under fallen wood in these forests, and the loss of hemlock caused by the
adelgid or pre-emptive salvage logging likely will reduce their abundance in the future [66].
Canopy and sub-canopy arthropod community diversity was significantly higher in declining
eastern hemlock forests than in intact stands in Connecticut, although ground-level arthropod
communities did not differ [67]. Individual arthropod taxa, however, do vary in their response
to eastern hemlock decline. For example, loss of eastern hemlocks in Massachusetts and Connecticut
caused either by the adelgid or pre-emptive salvage logging was forecast to increase the abundance of
ground-dwelling ant species [4]. This prediction was subsequently confirmed experimentally [9,23].
In contrast, Mallis and Rieske [8] found a much richer community of spiders living in eastern hemlock
canopies than in deciduous ones in southeastern USA forests. Similarly, Zukswert et al. [58] found
higher mites and collembolan densities in soils beneath healthy eastern hemlocks relative to soils in
sites where hemlock had been harvested.
Hemlock loss also can impact aquatic fauna. Because eastern hemlock often grows along streams
and in wetlands, it modifies abiotic conditions in these aquatic ecosystems by maintaining cooler water
temperatures [2]. These conditions are extremely important for trout and their aquatic invertebrate
prey; both rely on the thermal modification and stable base flows provided by hemlock [68,69].
As hemlocks have declined along streams, canopy openness and light levels have increased [11,70],
often with an increase in variability of water temperature [70] and expected increases in biomass of
stream periphyton [71]. Loss of hemlock should increase inputs of woody biomass (as coarse woody
debris) to streams [70,72,73] and alter both allochthonous energy inputs and the community structure
of benthic detrital shredders [10,74–77].
In some locations, the loss of hemlock and its replacement by mixed deciduous stands has been
observed to lead to a homogenization of regional floras and faunas and a consequent reduction in
landscape- or regional-scale beta diversity [7].
2.4. Ecosystem-Level Changes
Thinning canopies and eventual tree death resulting from continuous feeding by the adelgid
leads to microenvironmental changes such as increased light, soil surface temperatures, and
subsurface soil moisture [13,15,20]. These changes lead to cascading changes in ecosystem processes
such as accelerated decomposition [15], enhanced nutrient cycling rates and increased nutrient
availability [18,20,22,78], and decreased soil respiration [16]. Enhanced nitrogen cycling also can
increase nitrogen inputs to streams [79]. Intensive harvesting of eastern hemlock stands also increased
rates of decomposition and nitrogen cycling, and nitrogen availability also increased significantly
compared to the unharvested portions of the stand [22,55].
The adelgid itself also affects the flow of nutrients and energy from tree canopies to the soil.
The woolly wax covering secreted by adult adelgids is rich in C and N [80] and provides energy
for increases in foliar microbial populations of yeasts, bacteria, and fungi which, in turn, lead to
enriched nutrient content of throughfall as it passes through infested canopies and is deposited on
the soil surface [19,81]. Belowground changes are associated with adelgid-caused hemlock decline.
Ectomycorrhizal root colonization and abundance of bacteria in the rhizosphere were both significantly
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reduced in hemlocks infested with the adelgid relative to uninfested controls [82]. In addition, adelgid
feeding resulted in significantly greater root mass fraction [83] and lower shoot:root biomass ratios [84].
Hemlock loss also impacts hydrological cycles. The recent decline of hemlock in New England [85]
has increased water yield as the declining trees take up less water [86]. Over the long term, however,
observations from the southern Appalachians [46] suggest that this trend may be reversed. If deciduous
species with higher summer water use, including B. lenta and Q. rubra, replace hemlock, small
headwater streams may experience reduced yield and dry out during summer [14,87].
3. Adelgid Spread Models
Several studies have analyzed and modeled patterns of spread of the adelgid or its effects on
hemlock forests across their geographic range in eastern North America.
3.1. Understanding and Predicting the Spread of the Adelgid
County-level spread records of the adelgid have been used to investigate associations between
forest structure and abiotic factors, and spatial variation in adelgid spread rates [88–90]. For example,
Morin et al. [88] used non-spatial linear regression to examine the role of hemlock abundance and
January minimum temperatures in explaining spatiotemporal variation (anisotropy) in spread rates in
different cardinal directions from the initial infestation location. They found that spatial variation in
spread rate was positively related to hemlock abundance but negatively related to January minimum
temperature, a finding also highlighted by Evans and Gregoire [90]. Fitzpatrick et al. [89] used a
spatially explicit Bayesian hierarchical framework and found evidence that patterns of adelgid spread
could be explained by human population density, mean winter temperature, and hemlock abundance,
except along the southeastern and northernmost edges of the spread boundary, where spread of the
adelgid proceeded more slowly than expected.
Fitzpatrick et al. [33] used insights from these and other studies to develop a spatially explicit,
stochastic model of adelgid spread that combined field-based estimates of dispersal and population
processes with raster maps characterizing spatiotemporal heterogeneity in climate and hemlock
abundance. This model incorporated four factors known to influence the spread of the adelgid:
(i) abundance of eastern hemlock; (ii) mean winter (December-January-February-March) temperature;
(iii) population growth of the adelgid [91]; and (iv) its observed dispersal dynamics. Hemlock
abundance and winter temperature were represented using rasters comprised of 1 × 1-km cells.
Hemlock abundance in each cell determined the probability that dispersing adelgids established in that
cell and set the upper limit to population growth once the cell became infested. Hemlock abundance
declined annually in infested cells to mimic tree mortality and remained constant throughout the
simulation in uninfested cells. Mean winter temperatures varied annually following observed
temperature fluctuations during the simulation period and influenced population growth by limiting
the proportion of overwintering adelgids that survived to produce offspring in the next spring.
To simulate population dynamics in each hemlock stand, multiyear surveys of adelgid reproduction
and survival rates in Massachusetts and Connecticut were used to estimate mean parameter values for
each of its life stages. For the progrediens generation, these parameters included average number of
progrediens produced by each overwintering sistens and the mortality rate of the progrediens. For the
sistens generation, parameters included the average number of sistens produced by progrediens and
the mortality rates of dispersing, aestivating, and overwintering sistens. Dispersal between cells was
simulated using two processes: (i) local diffusion between neighboring cells; and (ii) long-distance
dispersal based on a function parameterized from multiple datasets documenting the spread of the
adelgid across different regions of the eastern USA (Table 2 in [33]). See [33] for more details regarding
the spread simulation and access to the code for reproducing the simulations.
The spread simulation described in [33] began in 1951 with an initial infestation near Richmond,
Virginia, where the adelgid was first documented in eastern North America [92] and proceeded for
58 annual time steps (through 2008). The model was run for 1000 stochastic simulations to obtain
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an average representation of adelgid spread during 1951–2008. To evaluate the model, the observed
pattern of adelgid spread from the USFS county-level dataset [93] was compared to model predictions.
The results of these 1000 stochastic simulations were used as the starting conditions for the forecasts
described below (Section 4.1).
The model simulated spatial and temporal heterogeneity in the probability and timing of adelgid
spread across the geographic range of hemlock and suggested that winter temperature was more
important than hemlock abundance in determining anisotropic spread rates. Under the contemporary
winter temperature regimes that formed the basis of the simulation, the model predicted that the
northern third of the range of hemlock was at very low or no risk of invasion, with the northern and
southern predicted limits of spread generally matching the observed extent in 2008. The model did not,
however, correctly predict the timing of the first reported adelgid infestation in most counties, which
Fitzpatrick et al. [33] attributed to the challenges of modeling rare, long-distance dispersal events early
in the invasion that substantially affected the ensuing pattern of spread.
3.2. Forecasting the Ecosystem Consequences of Hemlock Loss
Albani et al. [94] combined a stochastic model of the adelgid spread (parameterized with
occurrence data collected through 2004) with the ecosystem-demography (ED) model of forest
ecosystem dynamics [95] to forecast the spread and impacts of the adelgid on forest composition
and carbon exchange. Their stochastic spread model forecast that the adelgid would arrive in northern
Minnesota by 2030 [94]. Their forest-dynamics model forecast hemlock loss caused by the adelgid
initially would reduce forest carbon uptake by 8%, with the most severe impacts occurring in areas
with high hemlock density (western Pennsylvania, portions of New York, Massachusetts, Vermont,
New Hampshire, and southern Maine; Figure 1). Albani et al. [94] concluded that the impact of the
adelgid on the carbon (C) cycle could be substantial locally but small regionally. Models of the effects
of the adelgid on net primary productivity and heterotrophic respiration in dense hemlock stands at
Harvard Forest and Hubbard Brook (New Hampshire) did not forecast that the adelgid could shift
these stands from C sinks to sources [94,96]. In fact, we already have observed that declining hemlock
stands at Harvard Forest transitioned from being C sinks to C sources in less than a decade after the
adelgid was first detected there [97] (Figure 2).
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Figure 2. Net ecosystem productivity (NEP) estimated by Marc-André Giasson from measurements
taken at an eddy-covariance tower located in a >200-year-old hemlock stand at Harvard Forest,
Petersham, Massachusetts [97]. NEP > 0 (red-dashed line) indicates that the forest stand is a net
carbon sink, whereas NEP < 0 indicates that the forest stand is a source of carbon to the atmosphere.
The dark red arrow indicates the year in which the adelgid infestation was first convincingly observed
in this stand.
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As early successional hardwood species replace hemlock, C uptake has been forecast to increase
rapidly and eventually surpass that of the intact hemlock stands [94,96,98–100]. These changes in
ecosystem dynamics will take decades as hemlock forests transition slowly to forests dominated by
mixed hardwood species.
Associated changes in foliar chemistry, microenvironment, and decomposition in emerging
deciduous forests are expected to lead to reduced soil organic matter content and smaller total soil C
pools and increases in aboveground net primary productivity and soil nitrogen uptake rates [96,98–101].
These predictions have been incorporated into several forecasts of the effects of adelgid-caused hemlock
loss on total standing C stocks in declining hemlock stands and the early successional hardwoods that
replace them. Raymer et al. [98] used data collected through 2010 on the Prospect Hill tract at Harvard
Forest [102], in the Harvard Forest Hemlock Removal Experiment [103], and across Connecticut [44] to
forecast trends in C storage in changing New England forests. They found that these forests would be
resilient to hemlock loss in the short term because the increase in coarse woody debris (CWD) from
dead and dying hemlocks plus growth by recruiting and released black birch saplings and young trees
would approximately equal the decrease in C in live hemlock trees.
Nonetheless, Raymer et al. [98] forecast an overall net loss of ecosystem C content by 2100 because
it takes≈20 years for C stocks in black birch stands to reach pre-adelgid levels and there is an≈40-year
difference between maturing secondary hemlock and black birch stands in their accumulation of C
stocks compared to older (“primary”) hemlock stands. The ≈20% difference in total C stocks after
100 simulated years between intact hemlock stands and those that had been killed by the adelgid
and replaced by successional hardwoods can be conceptualized as the loss of compound interest.
Because the adelgid removes the “principal” (existing hemlock stands) and it takes 20–40 years of
regrowth to reach the same standing crop as was removed, the potential growth of hemlock in that
20–40-year interval (“interest”) is foregone [98]. This forecast was robust, with outcomes varying
little as a function of which mid-successional hardwood species replaces hemlock—black birch in
southern New England [98], red maple in northern New York and New England [100], or yellow birch
(Betula alleghaniensis Britt.) in New York’s Catskill Mountains [99]—or the model used—allometric
equations [98], ED [94], Forest Vegetation Simulator [100], or the new Spe-CN [99].
4. New Forecasts
The predictions of the spread of the adelgid [33] served as the jumping off point for our future
forecasts. Those simulations ended in 2008, with regions of southern New York and New England
predicted to have very low probabilities (<1%) of infestation (even though these regions had, in fact,
been infested by the adelgid for many years). Northern New England, Wisconsin, the upper peninsula
of Michigan, and southern Canada were predicted to have zero probability of infestation (largely
consistent with the observed pattern of spread at that time). Application of the model starting in 2008
provided us with a new opportunity to compare predictions with the observed pattern of spread by
2016 and to update our inferences about how the spread of the adelgid and hemlock decline may play
out through 2050.
4.1. Will the Adelgid Continue to Spread?
To forecast potential future spread of the adelgid and associated hemlock loss, we used outputs
from the simulations of Fitzpatrick et al. [33] and started a new set of simulations than ran from 2009
to 2050. These new simulations took as input (1) the final (predicted) locations and population sizes of
the adelgid in 2008 averaged across the 1000 contemporary simulations reported in [33]; and (2) raster
maps of eastern hemlock abundance reflecting its mortality resulting from adelgid infestations, also
averaged across the 1000 contemporary simulations reported in [33]. We then ran new simulations
in annual time steps for the period 2009 to 2050. To estimate future winter temperatures, we used
annual forecasts of mean winter temperatures from the World Climate Research Program’s (WCRP’s)
Coupled Model Intercomparison Project phase 3 (CMIP3) multi-model dataset [104]. To describe a
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range of future conditions, we selected three combinations of global circulation models and emission
scenarios that produced high, middle, and low warming forecasts, including MICRO3.2 forced using
the A2 scenario (high warming), CNRM-CM3 forced using the A1b scenario (midrange warming) and
CCSM3 forced using the B1 scenario (low warming). Initial tests confirmed that simulations of future
spread were much less variable for future projections than were simulations started in 1951 by [33].
This was to be expected, because the 1951–2008 simulations began with a single infested location and
therefore subsequent spread dynamics were highly sensitive to stochasticity. In contrast, our 2009–2050
forecasts exhibited very little between-simulation variability (Figure 3) because we used 2008 starting
conditions that already reflected the average of 1000 58-year spread trajectories. For this reason, we ran
only 100 stochastic simulations per climate forecast.
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Figure 3. Forecast area (in km2) of infestation of the hemlock woolly adelgid through time for three
different climate-change scenarios. The solid line represents the average of each of 100 individual
simulations (light, dashed lines).
To evaluate model predictions, we followed the same procedure as described in Fitzpatrick et al. [33],
but here only evaluated the simulations in terms of temporal accuracy (since spatial accuracy was
largely confirmed in [87]) using an updated county-level adelgid spread map for 2017 [93]. Briefly,
for each newly infested county since 2008, we obtained the predicted years of first infestation across
all cells within the county and across all 100 spread simulations for each climate forecast. We then
determined whether the 95% confidence interval of the distribution of predicted years of infestation
contained the year the adelgid was first reported in that county.
By 2015, our new model predicted that nearly all hemlock stands south of the Vermont-
Massachusetts border would have a 100% probability of adelgid infestation (Figure 4a). The model
predicted a low infestation probability for stands north of this border. These low-probability sites
included the Adirondacks, where the adelgid is now established, and southern Vermont and New
Hampshire, where it already had been observed in the early 2010s. The model also predicted very
little, if any, risk of infestation in the upper Midwest states by 2015 (although the adelgid in fact had
reached western Michigan by 2015). By 2030, however, the new model forecasts that nearly all of New
England, except for northeastern-most Maine and portions of southern Canada, will be at very high
risk for adelgid infestation (Figure 4b). Concurrently, most stands in Michigan and portions of eastern
Wisconsin are forecast to have low (but non-zero) infestation risk. By 2050, as projected warming
throughout this region largely eliminates winter temperature constraints on adelgid populations,
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the adelgid is forecast to infest nearly all hemlock stands in its range (probability > 0); notable
exceptions include the northernmost stands in Canada, Wisconsin, and Minnesota (Figure 4c).Insects 2018, 9, x FOR PEER REVIEW  9 of 18 
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Model Evaluation
Of the 126 counties that became infested by the adelgid after 2008, the observed year of first
infestation fell within the 95% confidence interval of the simulated year for 27, 26, and 27 counties
for the A2, A1B, and B1 CMIP3 scenarios, respectively (Figure 5). Most counties for which the model
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correctly predicted the observed year of first infestation (Figure 5, yellow shading) fell along the
western and southern edge of the invasion front. As in [33], the model tended to predict later arrival
(Figure 5, red shading) in New England and western Michigan than observed, up to a maximum of
25 years later (in Ottawa County, Michigan under the B1 scenario). Earlier-than-observed arrivals
(Figure 5, red shading) were aligned mainly along the western front of the invasion, up to a maximum
of eight years earlier in several counties in Pennsylvania and Tennessee.
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4.2. Projected Losses of Hemlock from Eastern Forests
Adelgid densities fluctuate in response to both winter temperatures and density-dependent
changes in the nutritional quality of hemlock [105]. As tree health and availability of new branch
and needle growth declines when the adelgid feeds on it, the population density of the adelgid
declines in parallel. Nutritional quality of hemlocks continues to decline from when a tree becomes
infested until it is defoliated and dies. Our simulations captured the process of hemlock decline and
feedback with adelgid populations using concepts from radioactive decay. Stands that remained
heavily infested had a shorter half-life and declined faster than stands where adelgid population
growth was limited by winter temperatures; the parameters for this relationship that we used in our
simulations corresponded with observed patterns of hemlock decline [39]. Note that our simulations
did not account for other potential controls on adelgid population dynamics, such as other aspects of
climate or biological control.
Once a hemlock stand became infested in our simulations, hemlock abundance declined in that
stand as a function of adelgid population density; greater adelgid densities led to more rapid loss of
hemlock. Adelgid density was, in turn, determined by annual fluctuations in winter temperature and
the amount of available hemlock, such that hemlock stands in regions where winter temperatures limit
adelgid populations may be infested for long periods of time but not suffer large hemlock declines
while winter temperatures limit adelgid populations. This effect can be seen in the simulation results.
By 2015, even though most hemlock stands south of Vermont were predicted to have been infested,
the model simulated very little loss of hemlock basal area in this region (Figure 4d). Hemlock was
also predicted to remain throughout its southern range up to 2015, but at greatly reduced basal area.
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By 2030, the model forecasts that hemlock will be almost entirely lost from forests south of southern
New England (Figure 4e). By 2050, healthy hemlock stands are forecast to be limited to northernmost
New England, high elevation stands in the Adirondacks, the upper peninsula of Michigan, and
Wisconsin, and stands along hemlock’s northern range limit in Canada (Figure 4f). Hemlock is forecast
to be almost completely lost from forests south of these areas by 2050.
4.3. Projected Changes in Ecosystem Dynamics in Eastern Forests
No new forecasts of ecosystem dynamics (e.g., C or N pools or fluxes) in declining hemlock
forests that take advantage of data collected after 2010 have been published. Unlike previous
models [94,98–100], any new models would need to account for the real possibility that declining
hemlock stands can shift rapidly from being a C source to a C sink (Figure 2).
4.4. Interactions between the Adelgid and Other Species
Interactions between the adelgid and other species also may play an important role in determining
its distribution, spread, and effects on hemlock [106]. Such interspecific interactions appear particularly
likely between the adelgid and the elongate hemlock scale (Fiorinia externa Ferris; Hemiptera:
Diaspididae), another nonnative species that feeds primarily on eastern hemlock [107]. Fiorinia
was first detected in Long Island NY in 1908 [108], and in the 1990s it began to expand its range rapidly
into adelgid-infested hemlock stands in southern New England [38,106]. The elongate hemlock scale
competes exploitatively with the adelgid for plant photosynthate and reduces adelgid densities by
30–40% when the two species co-occur [109,110]. Both field and laboratory work also has shown
that mobile adelgid crawlers avoid settling at the base of hemlock needles already colonized by the
scale [111]. Recent work comparing models of range expansion of the adelgid and the scale found that
prior adelgid presence was linked to higher scale densities [112]. Although there was no corresponding
impact of scale on adelgid distribution, high densities of the scale may eventually affect landscape-level
patterns of adelgid colonization and population growth.
5. Discussion
In much of its range south of New England, the hemlock woolly adelgid has led to declines
in hemlock [43], and in some cases removed more than 90% of the overstory density in forests it
dominated through the 1980s [44–47]. In New York, New England, the upper Midwest, and southern
Canada, the adelgid likely will do the same to hemlock there in the next 20 years. Decades of
research on the consequences of hemlock loss have consistently revealed the myriad ways in which
the loss of this foundation species (sensu [2]) will alter local- and landscape-level forest structure,
biological diversity, and ecosystem dynamics [42]. Modeling efforts using different assumptions and
implementations have tended to underestimate consistently and in similar ways the rate of adelgid
spread [33,88,89,94] and are just beginning to incorporate its interactions with other insect species [113].
Testing these models with long time series of data on the spread of the adelgid has led to their revision
and refinement (Figure 4), although we still tend to under-predict its spread to the north and east
(Figure 5). It remains unclear whether these underpredictions result from inadequately modeling
accelerating climate change or failing to account for people inadvertently moving the adelgid into new
locales. Further examination of the role of transportation corridors and movement of plants by the
horticultural trade should be included in further cycles of modeling, testing, and model revision as the
adelgid expands into the northern- and westernmost range of T. canadensis.
Similarly, models of ecosystem-wide consequences of hemlock decline executed on different
modeling platforms and parameterized with different starting conditions have yielded consistent
results. In the absence of the adelgid or other external agents of forest decline, the net primary
productivity and C storage of northeastern US forests is forecast to increase as the climate warms [113].
However, this same region is the Earth’s “ground zero” for forest pests and pathogens [114]. Models of
ecosystem impacts of the adelgid (and other outbreaking insects and pathogens) have suggested that
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their impacts on standing C stocks may be minimal (≈20% in foregone accumulated “interest”; [99]),
but these models have all assumed that the successional transition from hemlock (or other late
successional species) to early successional hardwoods will be slow and steady. At Harvard Forest,
however, hemlock decline is occurring faster than expected, and our oldest stand of eastern hemlocks
has, contrary to model predictions [94,96,98], shifted from being a C source to a C sink (Figure 2).
New generations of ecosystem models, or at least reparameterizing of existing models with current
and emerging time series of data, are needed to improve forecasts of the effects of the adelgid on the
dynamics of the future forests of eastern North America.
6. Conclusions
The hemlock woolly adelgid, first detected in eastern North America in 1951, now occurs
throughout a substantial portion of the range of eastern and Carolina hemlock. The adelgid has spread
anisotropically and more rapidly than had been forecast using either stochastic or climatically-driven
spread models. The role of unique initial conditions in first-generation dispersal models has been
ameliorated in new models that use more recent data and ensemble averages of previous model runs.
Although a new model does a better job of predicting the spread of the adelgid in the south and west of
the range of hemlock, it still under-predicts its spread in the north and east. The effects of the adelgid
on hemlock forest ecosystems has been pronounced. The adelgid has reset successional sequences,
homogenized biological diversity at landscape scales, altered hydrological dynamics, and shifted
forest stands that once were carbon sinks into carbon sources. Ecosystem models of adelgid-driven
hemlock dynamics have consistently forecast that carbon stocks will be affected little by the shift from
late-successional dominance by a foundation species to early successional mixed hardwood stands,
but these forecasts have assumed that the successional transition will be slow and steady and that
the intermediate stages will remain carbon sinks. New forecasting models of adelgid-driven hemlock
decline need to account for observed abrupt changes in carbon flux, ongoing human-driven land-use
changes, and accelerating climatic change.
Author Contributions: Conceptualization: A.M.E., D.A.O., M.C.F. and E.L.P.; methodology: A.M.E., D.A.O. and
M.C.F.; writing—original draft preparation, review, and editing: A.M.E., D.A.O., M.C.F. and E.L.P.
Funding: Portions of the research reviewed here was funded by the authors’ institutions and by the U.S. National
Science Foundation, grant numbers 0236897, 0620443, 0715504, 1003938, 1237491, 1224437, and 1459519. USDA
NIFA 2011-67013-30142.
Acknowledgments: We thank Matt Lisk for help constructing Figures 1, 3 and 4; Marc-AndréGiasson for updating
and gap-filling the data used in Figure 2; and two anonymous reviewers for constructive comments that improved
the final paper. This paper is a contribution of the Harvard Forest LTER program.
Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.
References
1. Dayton, P.K. Toward an understanding of community resilience and the potential effects of enrichments to
the benthos at McMurdo Sound, Antarctica. In Proceedings of the Colloquium on Conservation Problems in
Antarctica, Lawrence, KS, USA; 1972; pp. 81–96.
2. Ellison, A.M.; Bank, M.S.; Clinton, B.D.; Colburn, E.A.; Elliott, K.; Ford, C.R.; Foster, D.R.; Kloeppel, B.D.;
Knoepp, J.D.; Lovett, G.M. Loss of foundation species: Consequences for the structure and dynamics of
forested ecosystems. Front. Ecol. Environ. 2005, 3, 479–486. [CrossRef]
3. Tingley, M.W.; Orwig, D.A.; Field, R.; Motzkin, G. Avian response to removal of a forest dominant:
Consequences of hemlock woolly adelgid infestations. J. Biogeogr. 2002, 29, 1505–1516. [CrossRef]
4. Ellison, A.M.; Chen, J.; Díaz, D.; Kammerer-Burnham, C.; Lau, M. Changes in ant community structure
and composition associated with hemlock decline in New England. In Proceedings of the 3rd Symposium on
Hemlock Woolly Adelgid in the Eastern United States; USDA Forest Service: Morgantown, WV, USA, 2005.
Insects 2018, 9, 172 13 of 18
5. Dilling, C.; Lambdin, P.; Grant, J.; Buck, L. Insect guild structure associated with eastern hemlock in the
southern Appalachians. Environ. Entomol. 2007, 36, 1408–1414. [CrossRef]
6. Mathewson, B. The Relative Abundance of Eastern Red-Backed Salamanders in Eastern Hemlock-dominated
and Mixed Deciduous Forests at Harvard Forest. Northeast. Nat. 2009, 16, 1–12. [CrossRef]
7. Rohr, J.R.; Mahan, C.G.; Kim, K.C. Response of arthropod biodiversity to foundation species declines:
The case of the eastern hemlock. For. Ecol. Manag. 2009, 258, 1503–1510. [CrossRef]
8. Mallis, R.E.; Rieske, L.K. Arboreal spiders in eastern hemlock. Environ. Entomol. 2011, 40, 1378–1387.
[CrossRef] [PubMed]
9. Sackett, T.E.; Record, S.; Bewick, S.; Baiser, B.; Sanders, N.J.; Ellison, A.M. Response of macroarthropod
assemblages to the loss of hemlock (Tsuga canadensis), a foundation species. Ecosphere 2011, 2, art74. [CrossRef]
10. Snyder, C.D.; Young, J.A.; Lemarié, D.P.; Smith, D.R. Influence of eastern hemlock (Tsuga canadensis) forests
on aquatic invertebrate assemblages in headwater streams. Can. J. Fish. Aquatic Sci. 2002, 59, 262–275.
[CrossRef]
11. Siderhurst, L.A.; Griscom, H.P.; Hudy, M.; Bortolot, Z.J. Changes in light levels and stream temperatures
with loss of eastern hemlock (Tsuga canadensis) at a southern Appalachian stream: Implications for brook
trout. For. Ecol. Manag. 2010, 260, 1677–1688. [CrossRef]
12. Yamasaki, M.; DeGraaf, R.M.; Lanier, J.W. Wildlife habitat associations in eastern hemlock-birds, smaller
mammals, and forest carnivores. In Proceedings of the Symposium on Sustainable Management of Hemlock
Ecosystems in Eastern North America; Gen. Tech. Rep. NE-267; McManus Katherine, A., Shields Kathleen, S.,
Souto Dennis, R., Eds.; US Department of Agriculture, Forest Service, Northeastern Forest Experiment
Station: Newtown Square, PA, USA, 2000; pp. 135–143.
13. Lustenhouwer, M.N.; Nicoll, L.; Ellison, A.M. Microclimatic effects of the loss of a foundation species from
New England forests. Ecosphere 2012, 3, art26. [CrossRef]
14. Hadley, J.L.; Kuzeja, P.S.; Daley, M.J.; Phillips, N.G.; Mulcahy, T.; Singh, S. Water use and carbon exchange of
red oak-and eastern hemlock-dominated forests in the northeastern USA: Implications for ecosystem-level
effects of hemlock woolly adelgid. Tree Physiol. 2008, 28, 615–627. [CrossRef] [PubMed]
15. Cobb, R.C.; Orwig, D.A.; Currie, S. Decomposition of green foliage in eastern hemlock forests of southern
New England impacted by hemlock woolly adelgid infestations. Can. J. For. Res. 2006, 36, 1331–1341.
[CrossRef]
16. Nuckolls, A.E.; Wurzburger, N.; Ford, C.R.; Hendrick, R.L.; Vose, J.M.; Kloeppel, B.D. Hemlock Declines
Rapidly with Hemlock Woolly Adelgid Infestation: Impacts on the Carbon Cycle of Southern Appalachian
Forests. Ecosystems 2009, 12, 179–190. [CrossRef]
17. Ford, C.R.; Elliott, K.J.; Clinton, B.D.; Kloeppel, B.D.; Vose, J.M. Forest dynamics following eastern hemlock
mortality in the southern Appalachians. Oikos 2012, 121, 523–536. [CrossRef]
18. Jenkins, J.C.; Aber, J.D.; Canham, C.D. Hemlock woolly adelgid impacts on community structure and N
cycling rates in eastern hemlock forests. Can. J. For. Res. 1999, 29, 630–645. [CrossRef]
19. Stadler, B.; Müller, T.; Orwig, D.; Cobb, R. Hemlock Woolly Adelgid in New England Forests: Canopy
Impacts Transforming Ecosystem Processes and Landscapes. Ecosystems 2005, 8, 233–247. [CrossRef]
20. Orwig, D.A.; Cobb, R.C.; D’Amato, A.W.; Kizlinski, M.L.; Foster, D.R. Multi-year ecosystem response to
hemlock woolly adelgid infestation in southern New England forests. Can. J. For. Res. 2008, 38, 834–843.
[CrossRef]
21. Knoepp, J.D.; Vose, J.M.; Clinton, B.D.; Hunter, M.D. Hemlock infestation and mortality: Impacts on nutrient
pools and cycling in Appalachian forests. Soil Sci. Soc. Am. J. 2011, 75, 1935–1945. [CrossRef]
22. Orwig, D.A.; Barker Plotkin, A.A.; Davidson, E.A.; Lux, H.; Savage, K.E.; Ellison, A.M. Foundation species
loss affects vegetation structure more than ecosystem function in a northeastern USA forest. PeerJ 2013, 1,
e41. [CrossRef] [PubMed]
23. Kendrick, J.A.; Ribbons, R.R.; Classen, A.T.; Ellison, A.M. Changes in canopy structure and ant assemblages
affect soil ecosystem variables as a foundation species declines. Ecosphere 2015, 6, 1–20. [CrossRef]
24. Foster, D.R.; Zebryk, T.M. Long-term vegetation dynamics and disturbance history of a Tsuga-dominated
forest in New England. Ecology 1993, 74, 982–998. [CrossRef]
25. Paciorek, C.J.; McLachlan, J.S. Mapping ancient forests: Bayesian inference for spatio-temporal trends in
forest composition using the fossil pollen proxy record. J. Am. Stat. Assoc. 2009, 104, 608–622. [CrossRef]
[PubMed]
Insects 2018, 9, 172 14 of 18
26. Davis, M.B. Outbreaks of Forest Pathogens in Quaternary History. In Proceedings of the Fourth International
Conference on Palynology, Lucknow, India; 1981.
27. Foster, D.R.; Oswald, W.W.; Faison, E.K.; Doughty, E.D.; Hansen, B.C. A climatic driver for abrupt
mid-Holocene vegetation dynamics and the hemlock decline in New England. Ecology 2006, 87, 2959–2966.
[CrossRef]
28. Marsicek, J.P.; Shuman, B.; Brewer, S.; Foster, D.R.; Oswald, W.W. Moisture and temperature changes
associated with the mid-Holocene Tsuga decline in the northeastern United States. Quat. Sci. Rev. 2013, 80,
129–142. [CrossRef]
29. Oswald, W.W.; Doughty, E.D.; Foster, D.R.; Shuman, B.N.; Wagner, D.L. Evaluating the role of insects in the
middle-Holocene Tsuga decline. J. Torrey Bot. Soc. 2017, 144, 35–39. [CrossRef]
30. Smith, W.B.; Miles, P.D.; Perry, C.H.; Pugh, S.A. Forest resources of the United States, 2007: A technical
document supporting the forest service 2010 RPA Assessment. Gen. Tech. Rep.-USDA For. Serv. 2009, WO-78.
[CrossRef]
31. Rogers, R.S. Forests dominated by hemlock (Tsuga canadensis): Distribution as related to site and
postsettlement history. Can. J. Bot. 1978, 56, 843–854. [CrossRef]
32. USNVC (United States National Vegetation Classification). United States National Vegetation Classificatoin
Database, V2.01. Federal Geographic Data Committee, Vegetation Subcommittee, Washington, DC, USA
[usnvc.org], 2017. Available online: http://usnvc.org/ (accessed on 23 November 2018).
33. Fitzpatrick, M.C.; Preisser, E.L.; Porter, A.; Elkinton, J.; Ellison, A.M. Modeling range dynamics in
heterogeneous landscapes: Invasion of the hemlock woolly adelgid in eastern North America. Ecol. Appl.
2012, 22, 472–486. [CrossRef] [PubMed]
34. Havill, N.P.; Montgomery, M.E.; Yu, G.; Shiyake, S.; Caccone, A. Mitochondrial DNA from hemlock woolly
adelgid (Hemiptera: Adelgidae) suggests cryptic speciation and pinpoints the source of the introduction to
eastern North America. Ann. Entomol. Soc. Am. 2006, 99, 195–203. [CrossRef]
35. Havill, N.P.; Shiyake, S.; Lamb Galloway, A.; Foottit, R.G.; Yu, G.; Paradis, A.; Elkinton, J.; Montgomery, M.E.;
Sano, M.; Caccone, A. Ancient and modern colonization of North America by hemlock woolly adelgid,
Adelges tsugae (Hemiptera: Adelgidae), an invasive insect from East Asia. Mol. Ecol. 2016, 25, 2065–2080.
[CrossRef] [PubMed]
36. Canadian Food Inspection Agency. Hemlock Woolly Adelgid—Adelges tsugae (Annand). Available online:
http://www.inspection.gc.ca/plants/plant-pests-invasive-species/insects/hemlock-woolly-adelgid/
eng/1325610383502/1325610993895 (accessed on 21 October 2018).
37. McClure, M.S. Evidence of a Polymorphic Life Cycle in the Hemlock Woolly Adelgid, Adelges tsugae
(Homoptera: Adelgidae). Ann. Entomol. Soc. Am. 1989, 82, 50–54. [CrossRef]
38. Preisser, E.L.; Lodge, A.G.; Orwig, D.A.; Elkinton, J.S. Range expansion and population dynamics of
co-occurring invasive herbivores. Biol. Invasions 2008, 10, 201–213. [CrossRef]
39. Orwig, D.A.; Foster, D.R.; Mausel, D.L. Landscape patterns of hemlock decline in New England due to the
introduced hemlock woolly adelgid. J. Biogeogr. 2002, 29, 1475–1487. [CrossRef]
40. McKenzie, E.A.; Elkinton, J.S.; Casagrande, R.A.; Preisser, E.L.; Mayer, M. Terpene chemistry of eastern
hemlocks resistant to hemlock woolly adelgid. J. Chem. Ecol. 2014, 40, 1003–1012. [CrossRef] [PubMed]
41. Ingwell, L.L.; Preisser, E.L. Using citizen science programs to identify host resistance in pest-invaded forests.
Conserv. Biol. 2011, 25, 182–188. [CrossRef] [PubMed]
42. Foster, D.; Baiser, B.; D’Amato, A.; Ellison, A.M.; Plotkin, A.B.; Orwig, D.; Oswald, W.; Thompson, J. Hemlock:
A Forest Giant on the Edge; Yale University Press: New Haven, CT, USA, 2014.
43. Morin, R.S.; Liebhold, A.M. Invasions by two non-native insects alter regional forest species composition
and successional trajectories. For. Ecol. Manag. 2015, 341, 67–74. [CrossRef]
44. Orwig, D.A.; Foster, D.R. Forest response to the introduced hemlock woolly adelgid in southern
New England, USA. J. Torrey Bot. Soc. 1998, 125, 60–73. [CrossRef]
45. Abella, S.R. Forest decline after a 15-year “perfect storm” of invasion by hemlock woolly adelgid, drought,
and hurricanes. Biol. Invasions 2018, 20, 695–707. [CrossRef]
46. Brantley, S.T.; Miniat, C.F.; Elliott, K.J.; Laseter, S.H.; Vose, J.M. Changes to southern Appalachian water yield
and stormflow after loss of a foundation species. Ecohydrology 2015, 8, 518–528. [CrossRef]
Insects 2018, 9, 172 15 of 18
47. Young, J.A.; Morton, D.D. Modeling landscape-level impacts of HWA in Shenandoah National Park.
In Proceedings of the Hemlock Woolly Adelgid in the Eastern United States Symposium, East Brunswick,
NJ, USA, 5 February 2002.
48. Orwig, D.A.; Thompson, J.R.; Povak, N.A.; Manner, M.; Niebyl, D.; Foster, D.R. A foundation tree at the
precipice: Tsuga canadensis health after the arrival of Adelges tsugae in central New England. Ecosphere 2012, 3,
1–16. [CrossRef]
49. Small, M.J.; Small, C.J.; Dreyer, G.D. Changes in a hemlock-dominated forest following woolly adelgid
infestation in southern New England. J. Torrey Bot. Soc. 2005, 132, 458–470. [CrossRef]
50. Preisser, E.L.; Miller-Pierce, M.R.; Vansant, J.; Orwig, D.A. Eastern hemlock (Tsuga canadensis) regeneration in
the presence of hemlock woolly adelgid (Adelges tsugae) and elongate hemlock scale (Fiorinia externa). Can. J.
For. Res. 2011, 41, 2433–2439. [CrossRef]
51. Eschtruth, A.K.; Cleavitt, N.L.; Battles, J.J.; Evans, R.A.; Fahey, T.J. Vegetation dynamics in declining eastern
hemlock stands: 9 years of forest response to hemlock woolly adelgid infestation. Can. J. For. Res. 2006, 36,
1435–1450. [CrossRef]
52. Cleavitt, N.L.; Eschtruth, A.K.; Battles, J.J.; Fahey, T.J. Bryophyte response to eastern hemlock decline caused
by hemlock woolly adelgid infestation. J. Torrey Bot. Soc. 2008, 135, 12–25. [CrossRef]
53. Jackson, M.R.; Bellemare, J. The potential for indirect negative effects of exotic insect species on a liverwort,
Bazzania trilobata (Lepidoziaceae), mediated by the decline of a foundation tree species, Tsuga canadensis
(Pinaceae). J. Torrey Bot. Soc. 2018, 145, 183–194. [CrossRef]
54. Foster, D.R.; Orwig, D.A. Preemptive and salvage harvesting of New England forests: When doing nothing
is a viable alternative. Conserv. Biol. 2006, 20, 959–970. [CrossRef] [PubMed]
55. Kizlinski, M.L.; Orwig, D.A.; Cobb, R.C.; Foster, D.R. Direct and indirect ecosystem consequences of an
invasive pest on forests dominated by eastern hemlock. J. Biogeogr. 2002, 29, 1489–1503. [CrossRef]
56. Sullivan, K.A.; Ellison, A.M. The Seed Bank of Hemlock Forests: Implications for Forest Regeneration
Following Hemlock Decline. J. Torrey Bot. Soc. 2006, 133, 393–402. [CrossRef]
57. Farnsworth, E.J.; Barker Plotkin, A.A.; Ellison, A.M. The relative contributions of seed bank, seed rain, and
understory vegetation dynamics to the reorganization of Tsuga canadensis forests after loss due to logging or
simulated attack by Adelges tsugae. Can. J. For. Res. 2012, 42, 2090–2105. [CrossRef]
58. Zukswert, J.M.; Bellemare, J.; Rhodes, A.L.; Sweezy, T.; Gallogly, M.; Acevedo, S.; Taylor, R.S. Forest
community structure differs, but not ecosystem processes, 25 years after eastern hemlock removal in an
accidental experiment. Southeast. Nat. 2014, 13, 61–87.
59. Benzinger, J. Hemlock decline and breeding birds. I. Hemlock ecology. Rec. N. J. Birds 1994, 20, 2–12.
60. Toenies, M.J.; Miller, D.A.; Marshall, M.R.; Stauffer, G.E. Shifts in vegetation and avian community structure
following the decline of a foundational forest species, the eastern hemlock. Condor 2018, 120, 489–506.
[CrossRef]
61. Becker, D.A.; Brittingham, M.C.; Goguen, C.B. Effects of hemlock woolly adelgid on breeding birds at Fort
Indiantown Gap, Pennsylvania. Northeast. Nat. 2008, 227–240. [CrossRef]
62. Lishawa, S.C.; Bergdahl, D.R.; Costa, S.D. Winter conditions in eastern hemlock and mixed-hardwood deer
wintering areas of Vermont. Can. J. For. Res. 2007, 37, 697–703. [CrossRef]
63. Faison, E.K.; DeStefano, S.; Foster, D.R.; Plotkin, A.B. Functional response of ungulate browsers in disturbed
eastern hemlock forests. For. Ecol. Manag. 2016, 362, 177–183. [CrossRef]
64. Eschtruth, A.K.; Battles, J.J. Deer herbivory alters forest response to canopy decline caused by an exotic
insect pest. Ecol. Appl. 2008, 18, 360–376. [CrossRef] [PubMed]
65. Degrassi, A.L. Hemlock woolly adelgid invasion affects microhabitat characteristics and small mammal
communities. Biol. Invasions 2018, 20, 2173–2186. [CrossRef]
66. Siddig, A.A.H.; Ellison, A.M.; Mathewson, B.G. Assessing the impacts of the decline of Tsuga canadensis
stands on two amphibian species in a New England forest. Ecosphere 2016, 7, e01574. [CrossRef]
67. Ingwell, L.L.; Miller-Pierce, M.; Trotter, R.T., III; Preisser, E.L. Vegetation and invertebrate community
response to Eastern Hemlock decline in southern New England. Northeast. Nat. 2012, 19, 541–558. [CrossRef]
68. Snyder, C.D.; Young, J.A.; Ross, R.M.; Smith, D.R. Long-term effects of hemlock forest decline on headwater
stream communities. In Proceedings of the Third Symposium on Hemlock Woolly Adelgid in the Eastern
United States, Ashville, NC, USA, 1–3 February 2005; pp. 42–55.
Insects 2018, 9, 172 16 of 18
69. Ross, R.M.; Bennett, R.M.; Snyder, C.D.; Young, J.A.; Smith, D.R.; Lemarie, D.P. Influence of eastern hemlock
(Tsuga canadensis L.) on fish community structure and function in headwater streams of the Delaware River
basin. Ecol. Freshw. Fish 2003, 12, 60–65. [CrossRef]
70. Webster, J.; Morkeski, K.; Wojculewski, C.; Niederlehner, B.; Benfield, E.; Elliott, K. Effects of hemlock
mortality on streams in the southern Appalachian Mountains. Am. Midl. Nat. 2012, 112–131. [CrossRef]
71. Rowell, T.J.; Sobczak, W.V. Will stream periphyton respond to increases in light following forecasted regional
hemlock mortality? J. Freshw. Ecol. 2008, 23, 33–40. [CrossRef]
72. Pitt, D.B.; Batzer, D.P. Potential impacts on stream macroinvertebrates of an influx of woody debris from
eastern hemlock demise. For. Sci. 2015, 61, 737–746. [CrossRef]
73. Evans, D.M.; Dolloff, C.A.; Aust, W.M.; Villamagna, A.M. Effects of Eastern Hemlock Decline on large wood
loads in streams of the Appalachian Mountains. JAWRA J. Am. Water Resour. Assoc. 2012, 48, 266–276.
[CrossRef]
74. Adkins, J.K.; Rieske, L.K. Loss of a foundation forest species due to an exotic invader impacts terrestrial
arthropod communities. For. Ecol. Manag. 2013, 295, 126–135. [CrossRef]
75. Adkins, J.K.; Rieske, L.K. A terrestrial invader threatens a benthic community: Potential effects of
hemlock woolly adelgid-induced loss of eastern hemlock on invertebrate shredders in headwater streams.
Biol. Invasions 2015, 17, 1163–1179. [CrossRef]
76. Adkins, J.K.; Rieske, L.K. Benthic collector and grazer communities are threatened by hemlock woolly
adelgid-induced eastern hemlock loss. Forests 2015, 6, 2719–2738. [CrossRef]
77. Willacker, J.J., Jr.; Sobczak, W.V.; Colburn, E.A. Stream macroinvertebrate communities in paired hemlock
and deciduous watersheds. Northeast. Nat. 2009, 101–112. [CrossRef]
78. Yorks, T.E.; Leopold, D.J.; Raynal, D.J. Effects of Tsuga canadensis mortality on soil water chemistry and
understory vegetation: Possible consequences of an invasive insect herbivore. Can. J. For. Res. 2003, 33,
1525–1537. [CrossRef]
79. Cessna, J.F.; Nielsen, C. Influences of Hemlock Woolly Adelgid–Induced Stand-Level Mortality on Nitrogen
Cycling and Stream Water Nitrogen Concentrations in Southern Pennsylvania. Castanea 2012, 77, 127–135.
[CrossRef]
80. Cobb, R.C.; Orwig, D.A. Changes in decomposition dynamics in hemlock forests impacted by hemlock
woolly adelgid: Restoration and conservation of hemlock ecosystem function. In Proceedings of the Fourth
Symposium on hemlock woolly adelgid in the eastern United States, Hartford, CT, USA, 12–14 February
2008; Onken, B., Reardon, R., Eds.; USDA Forest Service: Morgantown, WV, USA, 2008; pp. 157–167.
81. Stadler, B.; Müller, T.; Orwig, D. The ecology of energy and nutrient fluxes in hemlock forests invaded by
hemlock woolly adelgid. Ecology 2006, 87, 1792–1804. [CrossRef]
82. Vendettuoli, J.F.; Orwig, D.A.; Krumins, J.A.; Waterhouse, M.D.; Preisser, E.L. Hemlock woolly adelgid alters
fine root bacterial abundance and mycorrhizal associations in eastern hemlock. For. Ecol. Manag. 2015, 339,
112–116. [CrossRef]
83. Schaeffer, R.N.; Wilson, C.M.; Radville, L.; Barrett, M.; Whitney, E.; Roitman, S.; Miller, E.R.; Wolfe, B.E.;
Thornber, C.S.; Orians, C.M.; et al. Individual and non-additive effects of exotic sap-feeders on root functional
and mycorrhizal traits of a shared conifer host. Funct. Ecol. 2017, 31, 2024–2033. [CrossRef]
84. Wilson, C.M.; Schaeffer, R.N.; Hickin, M.L.; Rigsby, C.M.; Sommi, A.F.; Thornber, C.S.; Orians, C.M.;
Preisser, E.L. Chronic impacts of invasive herbivores on a foundational forest species: A whole-tree
perspective. Ecology 2018, 99, 1783–1791. [CrossRef] [PubMed]
85. Orwig, D.A.; Boucher, P.; Paynter, I.; Saenz, E.; Li, Z.; Schaaf, C. The potential to characterize ecological data
with terrestrial laser scanning in Harvard Forest, MA. Interface Focus 2018, 8. [CrossRef] [PubMed]
86. Kim, J.; Hwang, T.; Schaaf, C.L.; Orwig, D.A.; Boose, E.; Munger, J.W. Increased water yield due to the
hemlock woolly adelgid infestation in New England. Geophys. Res. Lett. 2017, 44, 2327–2335. [CrossRef]
87. Daley, M.J.; Phillips, N.G.; Pettijohn, C.; Hadley, J.L. Water use by eastern hemlock (Tsuga canadensis) and
black birch (Betula lenta): Implications of effects of the hemlock woolly adelgid. Can. J. For. Res. 2007, 37,
2031–2040. [CrossRef]
88. Morin, R.S.; Liebhold, A.M.; Gottschalk, K.W. Anisotropic spread of hemlock woolly adelgid in the eastern
United States. Biological Invasions 2009, 11, 2341–2350. [CrossRef]
89. Fitzpatrick, M.C.; Preisser, E.L.; Porter, A.; Elkinton, J.; Waller, L.A.; Carlin, B.P.; Ellison, A.M. Ecological
boundary detection using Bayesian areal wombling. Ecology 2010, 91, 3448–3455. [CrossRef] [PubMed]
Insects 2018, 9, 172 17 of 18
90. Evans, A.M.; Gregoire, T.G. A geographically variable model of hemlock woolly adelgid spread. Biological
Invasions 2007, 9, 369–382. [CrossRef]
91. Paradis, A. Population Dynamics of the Hemlock Woolly Adelgid (Hemiptera: Adelgidae). Ph.D. Thesis,
University of Massachusetts, Amherst, MA, USA, 2011.
92. Stoetzel, M.B.; Onken, B.; Reardon, R.; Lashomb, J. History of the introduction of Adelges tsugae based on
voucher specimens in the Smithsonian Institute National Collection of Insects. In Proceedings of the Hemlock
Woolly Adelgid in the Eastern United States Symposium, New Brunswick, NY, USA, 5–7 February 2002.
93. USDA Forest Service, Northern Research Station. Alien Forest Pest Explorer. 2018. Available online:
https://foresthealth.fs.usda.gov/portal/Flex/APE (accessed on 21 October 2018).
94. Albani, M.; Moorcroft, P.R.; Ellison, A.M.; Orwig, D.A.; Foster, D.R. Predicting the impact of hemlock woolly
adelgid on carbon dynamics of eastern United States forests. Can. J. For. Res. 2010, 40, 119–133. [CrossRef]
95. Moorcroft, P.R.; Hurtt, G.; Pacala, S.W. A method for scaling vegetation dynamics: The ecosystem
demography model (ED). Ecol. Monogr. 2001, 71, 557–586. [CrossRef]
96. Finzi, A.C.; Raymer, P.C.L.; Giasson, M.-A.; Orwig, D.A. Net primary production and soil respiration in New
England hemlock forests affected by the hemlock woolly adelgid. Ecosphere 2014, 5, art98. [CrossRef]
97. Munger, W.; Hadley, J. Net Carbon Exchange of an Old-Growth Hemlock Forest at Harvard Forest HEM Tower
Since 2000; Harvard Forest Data Archive HF103; Harvard Forest: Petersham, MA, USA, 2017. [CrossRef]
98. Raymer, P.C.L.; Orwig, D.A.; Finzi, A.C. Hemlock loss due to the hemlock woolly adelgid does not affect
ecosystem C storage but alters its distribution. Ecosphere 2013, 4, art63. [CrossRef]
99. Crowley, K.F.; Lovett, G.M.; Arthur, M.A.; Weathers, K.C. Long-term effects of pest-induced tree species
change on carbon and nitrogen cycling in northeastern US forests: A modeling analysis. For. Ecol. Manag.
2016, 372, 269–290. [CrossRef]
100. Krebs, J.; Pontius, J.; Schaberg, P.G. Modeling the impacts of hemlock woolly adelgid infestation and
presalvage harvesting on carbon stocks in northern hemlock forests. Can. J. For. Res. 2017, 47, 727–734.
[CrossRef]
101. Ignace, D.D.; Fassler, A.; Bellemare, J. Decline of a foundation tree species due to invasive insects will trigger
net release of soil organic carbon. Ecosphere 2018, 9, e02391. [CrossRef]
102. Foster, D.R.; Zebryk, T.; Schoonmaker, P.; Lezberg, A. Post-settlement history of human land-use and
vegetation dynamics of a Tsuga canadensis (hemlock) woodlot in central New England. J. Ecol. 1992, 773–786.
[CrossRef]
103. Ellison, A.M.; Barker-Plotkin, A.A.; Foster, D.R.; Orwig, D.A. Experimentally testing the role of foundation
species in forests: The Harvard Forest Hemlock Removal Experiment. Methods Ecol. Evol. 2010, 1, 168–179.
[CrossRef]
104. Meehl, G.A.; Covey, C.; Delworth, T.; Latif, M.; McAvaney, B.; Mitchell, J.F.; Stouffer, R.J.; Taylor, K.E.
The WCRP CMIP3 multimodel dataset: A new era in climate change research. Bull. Am. Meteorol. Soc. 2007,
88, 1383–1394. [CrossRef]
105. McClure, M.S. Density-Dependent Feedback and Population Cycles in Adelges tsugae (Homoptera: Adelgidae)
on Tsuga canadensis. Environ. Entomol. 1991, 20, 258–264. [CrossRef]
106. Gómez, S.; Gonda-King, L.; Orians, C.M.; Orwig, D.A.; Panko, R.; Radville, L.; Soltis, N.; Thornber, C.S.;
Preisser, E.L. Interactions between invasive herbivores and their long-term impact on New England hemlock
forests. Biol. Invasions 2015, 17, 661–673. [CrossRef]
107. McClure, M. Dispersal of the scale Fiorinia externa (Homoptera: Diaspididae) and effects of edaphic factors
on its establishment on hemlock. Environ. Entomol. 1977, 6, 539–544. [CrossRef]
108. McClure, M. Parasitism of the scale insect Fiorinia externa (Homoptera: Diaspididae) by Aspidiotiphagus
citrinus (Hymenoptera: Eulophidae) in a hemlock forest: Density-dependence. Environ. Entomol. 1977, 6,
551–555. [CrossRef]
109. Preisser, E.; Elkinton, J. Exploitative competition between invasive herbivores benefits a native host plant.
Ecology 2008, 89, 2671–2677. [CrossRef] [PubMed]
110. Miller-Pierce, M.; Preisser, E. Asymmetric priority effects influence the success of invasive forest insects.
Ecol. Entomol. 2012, 37, 350–358. [CrossRef]
111. Gómez, S.; Gonda-King, L.; Orians, C.; Preisser, E.L. Competitor avoidance drives within-host feeding site
selection in a passively-dispersed herbivore. Ecol. Entomol. 2014, 39, 10–16. [CrossRef]
Insects 2018, 9, 172 18 of 18
112. Lany, N.K.; Zarnetske, P.L.; Schliep, E.M.; Schaeffer, R.N.; Orians, C.; Orwig, D.A.; Preisser, E.L. Asymmetric
biotic interactions and abiotic niche differences revealed by a dynamic joint species distribution model.
Ecology 2018, 99, 1018–1023. [CrossRef] [PubMed]
113. Duveneck, M.J.; Thompson, J.R. Climate change imposes phenological trade-offs on forest net primary
productivity. J. Geophys. Res. Biogeosci. 2017, 122, 2298–2313. [CrossRef]
114. Lovett, G.M.; Weiss, M.; Liebhold, A.M.; Holmes, T.P.; Leung, B.; Lambert, K.F.; Orwig, D.A.; Campbell, F.T.;
Rosenthal, J.; McCullough, D.G. Nonnative forest insects and pathogens in the United States: Impacts and
policy options. Ecol. Appl. 2016, 26, 1437–1455. [CrossRef] [PubMed]
© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).
